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高效催化剂的开发是实现该过程工业应用的技术瓶颈。但从实用角度考虑，迄今
文献报道较多的 Cu-基催化剂的活性都较低。负载型贵金属催化剂是引起人们兴
趣的另一研发方向；ZnO（或 Ga2O3）-负载 Pd催化剂在文献上已有过报道。  
本文以 CNTs及贵金属（Pd，Pt）修饰 CNT-基纳米材料的催化应用作为目
标，开展如下两部分研究工作：（1）以自行制备的 CNTs为载体，利用等容浸渍
法制备芳烃加氢脱芳（HDA）用的 CNTs负载 Pt催化剂，考察其对四氢萘 HDA
的催化性能，并与常规载体（AC，γ-Al 2O3）负载 Pt参比体系作比较；利用 TEM，
SEM/EDX，XRD，XPS，化学吸附，H2-TPR，H2-TPD等多种物理化学表征方法




和平行型两种 CNTs）或活性炭（AC）的对应物、以及不添加 CNTs的 Pd-Ga2O3







Ⅰ. 碳纳米管负载 Pt的四氢萘加氢脱芳催化剂的研究 
 
1.  CNTs负载 Pt催化剂的性能 
 
用一类自行制备的“鱼骨型”CNTs作为载体，由等容浸渍法制备 CNT-负载
的 Pt催化剂（标记为：x%Pt/CNTs，x%为质量分数），在 0.16 MPa，353～393 K, 




四氢萘 HDA 的催化性能，并与常规载体 γ-Al 2O3和 AC 分别负载的体系作比较。


















和 2.4%Pt/AC）上相应的 TOF观测值（0.57和 0.53（s–1））的 1.11和 1.19倍。
十氢萘是四氢萘加氢所观测到的唯一产物（选择性~100%）。 
 
2.  CNTs负载 Pt的催化剂的表征 
  
表观活化能（Ea）的测试结果表明，以 CNTs代替 γ-Al 2O3或 AC 作为催化
剂载体，并不引起四氢萘加氢反应的 Ea发生明显变化；催化剂的 CO化学吸附
测量结果表明，以 CNTs代替 γ-Al 2O3或 AC作为载体，能提高金属 Pt在载体表
面上的分散度；工作态催化剂的 XPS研究发现，用 CNTs代替 AC作为 Pt催化
剂载体，导致工作态催化剂表面催化活性 Pt物种（Pt0）在总表面 Pt量中所占分
率有所提高；预还原催化剂的 H2-TPD 测试结果揭示，与 AC 或 γ-Al 2O3负载的
参比体系相比，CNTs负载 Pt催化剂在室温至 773 K温度范围能可逆地吸附更大
量的 H2，这有助于在工作态催化剂表面营造较高稳态浓度活泼氢吸附物种的表
面氛围，从而有助于提高表面加氢反应的速率。上述诸因素都贡献于四氢萘加氢
脱芳过程效率的显著提高。本文的研究结果表明，与常规的 γ-Al 2O3和 AC 载体
不同，CNTs起着作为载体和促进剂的双重作用。 
 
Ⅱ. CO2加氢制甲醇用金属 Pd修饰 CNTs促进的高效新型 Pd-Ga2O3
基催化剂的研究 
 
1.  Pd修饰 CNTs基纳米材料的制备 
 
用自行制备的 CNTs为基质，利用等容浸渍-超声法制备 Pd-修饰 CNTs的前
驱物，后经低氢（V(H2)/V(N2) = 5/95）流动气氛进行还原处理，即得到 Pd修饰
CNTs基纳米材料（记为 y%Pd/CNTs，y%为质量百分数)。对所得的复合材料进
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计显示，金属 Pd微粒的粒径 ≤ 5 nm。 
 





剂的原基质 PdiGaj、以及添加等量的纯 CNTs（平行型和鱼骨型）或 AC 的参比
体系作比较。实验结果表明，在组成经优化的 Pd1Ga10-12.6%(3%Pd/CNTs)催化剂




转化率达 9.8%，相应的 TOF为 0.1057（s-1），这个值是相同反应条件下参比催
化剂Pd1Ga10和Pd1Ga10-12.6%CNTs操作6 h的相应观测值（0.0760和0.0967（s
-1））
的 1.39和 1.09倍。前者的产物包括：甲醇、二甲醚（DME）和甲烷，其 C-基选
择性分别为 95.7%，4.2%和 0.1%；相应甲醇的时空产率达 555 mg•h-1•g-cat
-1，或





3.  Pd修饰 CNTs促进的共沉淀型 Pd1Ga10基催化剂的表征 
 
Pd1Ga10-12.6%(3%Pd/CNTs)催化剂的 TEM 照片显示，Pd-Ga 纳米颗粒相当
均匀地分散/沉积在 3%Pd/CNTs上；EDX 分析表明，C, O, Ga 和 Pd 是催化剂
表面层唯有的 4种元素，其原子分率分别为 30.52%, 31.63%, 32.80% 和 5.05%.  
催化剂的 XRD 分析显示，在 3种反应过的催化剂中，其所含 Pd组分几乎
全部以“PdGa-合金”（2θ = 36.0°, 36.6°, 39.6°, 41.3°, 44.6°, 和 48.1°）的形态存在，
以 PdO微晶（2θ = 34.0°）形态存在者居少数, 而分立的金属 Pd（Pdx
0）微晶存
在的可能性并不完全排除。与非促进的原基质 Pd1Ga10相比，含 CNTs的两种催
化剂中，Ga2O3微晶（2θ = 26.3°, 29.1°, 30.0°, 35.0°, 37.5°, 43.4°, 46.2°, 47.6°）的
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IPd1Ga10-12.6%(3%Pd/CNTs) : IPd1Ga10-12.6%CNTs : IPd1Ga10 = 100 : 90 : 85； 这个顺序与3种催
化剂上CO2加氢的转化频率实验值的高低顺序相一致。  
 
4.  Pd修饰 CNTs-基纳米材料的促进作用本质 
 









个表面活性位上 CO2加氢的 TOF。以上两方面的促进效应对 Pd-修饰 CNTs促进
的 Pd1Ga10催化剂上 CO2加氢反应活性的提高都有不同程度的贡献。 
 
Ⅲ.  结论 
 

























3. 与平行型 CNTs相比，鱼骨型的 CNTs表面悬键多，具有较高的化学活泼性，
对 H2具有较高的吸附活化能力，其促进作用较平行型 CNTs显著。 过渡金
属 Pd对 CNTs的适当修饰能改进 CNTs对 H2的吸附活化性能，其促进效应
较单纯的 CNTs大。 AC 不具备 CNTs特有的石墨化纳米管状结构及相应的




Ⅳ. 创新点  
 
1. 研发出 2种具有明显创新性和实用前景的 CNTs基纳米材料负载或促进的、
分别可用于四氢萘加氢脱芳和 CO2加氢制甲醇的高效新型催化剂。 






















Nano-materials refer to that at least one-dimension is i  nanometer scale or in 
which nano-structure is the basic unit. The length of nanometer structure unit matches 
with the characteristic length of structure of matter such as the de Broglie wavelength 
of electron、superconduction interference length、 tunneling barrier thickness、
ferromagnetic critical dimensions, which leads to the physical or chemical 
characteristics of nano-materials between the macroscopic and microcosmic objects. 
The peculiarities of nano-material are mainly its quantum size effect and 
surfacial/interfacial effect, which offers one of the most exciting opportunities for 
innovation in technology. 
Multi-walled carbon-nanotubes (MWCNTs, simplified as CNTs in next text) 
have been drawing increasing attention since their discovery. This new form of carbon 
has a much higher degree of structural perfection. CNTs possess several unique 
features, such as, highly graphitized tube-wall, nanosized channel and 
sp2-C-constructed surface. They also display exceptionally high mechanical strength, 
high thermal/electrical conductivity, medium to hig specific surface areas, and 
excellent performance for adsorption and spillover of hydrogen, which render this 
kind of nanostructured carbon materials full of promise as a novel catalyst promoter.  
Hydrogenation-dearomatization (HDA), together with hydro-desulfurization 
(HDS) and hydro-denitrification (HDN), is one of the important hydroprocessing 
processes of petroleum refining. The existing sulfided CoMo, NiMo and NiW 
catalysts for HDA reaction are active only at relatively high temperatures (e.g. > 573 
K). Thus complete hydrogenation of aromatics is notp ssible due to equilibrium 
limitations. Precious metals were another branch of researchers’ interests. The 
commercial precious metal-based catalysts for deep hydrogenation of fuels are mostly 
supported on alumina. The ongoing efforts to search for new types of catalyst support 
and/or promoter so as to improve lower-temperature activity of the catalysts have 
been the focus of a lot of research and development activities.  
To the other front of fuel-chemical and environmental catalysis, hydrogenation 
of CO2 has been considered as one of the most economical and effective ways to 
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desirable to develop methods to convert CO2 into valuable chemicals. Among the 
options considered, catalytic hydrogenation of CO2 to produce methanol has drawn 
much attention. Development of highly efficient catalysts is one of the keys to 
realizing commercialization of the above process. The activity of the existing 
CuO-based catalysts, which were earlier and much more reported, was relatively low 
in terms of practicability. Supported precious metals were another branch of 
researchers’ interests. The ZnO(or Ga2O3)-supported Pd catalysts have shown 
interesting properties.  
In the present dissertation, with the catalytic applications of CNTs and precious 
metal (Pd, Pt)-decorated CNTs as the research goal, the following two parts of 
research work were developed: 1) Using home-made CNTs as support, a highly active 
Pt catalyst supported on CNTs was prepared. Its catalytic performance for tetralin 
HDA was evaluated, and compared with the reference Pt catalysts supported on 
alumina (γ-Al 2O3) and activated carbon (AC). These catalyst systems were 
characterized using a series of physico-chemical methods and techniques, and the 
nature of promoter action by the CNTs was inquired.  2) Using home-made 
Pd-decorated CNTs as promoter, a metal Pd-decorated CNT-promoted Pd-Ga2O3 
catalyst was developed. Performance of the catalyst for CO2 hydrogenation to 
methanol was evaluated in a fixed-bed continuous-flow reactor-GC combination 
system, and compared with the CNT-free host and the counterparts added with the 
simple CNTs (Herringbone-type and Parallel-type both) and activated carbon (AC). 
Those catalyst systems were characterized through TEM, SEM, EDX, XRD, XPS and 
H2(or CO)-TPD (temperature programmed desorption) measur ments, and the nature 
of promoter action by the Pd-decorated CNTs was discussed. 
 
The progress obtained in the present work were briefly d scribed as fellows:  
 
I. Pt-catalyst supported on CNTs for hydrogenation-dearomatization 
(HDA) of tetralin 
 
 A type of MWCNT-supported Pt catalysts for the hydrogenation-dearomatization 
(HDA) of aromatics was developed, which displays excellent performance for 
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tetralin was observed under the reaction conditions f 0.16 MPa，373 K, 




turn-over-frequency (TOF) of HDA of tetralin reached 0.63 s–1. This value was 
1.11 and 1.19 times those (0.57 and 0.53 s–1, respectively) of the 1.4%Pt/γ-Al 2O3 
and 2.4%Pt/AC catalysts with the optimal Pt loading under the same reaction 
conditions.    
 
 It was experimentally found that using the CNTs in place of AC as the support of 
the catalyst did not cause a significant change in the apparent activation energy 
for the HDA reaction of tetralin, but led to a certain increase in the molar 
percentage of catalytically active Pt-species (Pt0) in the total Pt-amount at the 
surface of the functioning catalyst. In addition, the Pt/CNTs catalyst could 
reversibly adsorb a greater amount of hydrogen under atmospheric pressure and 
temperatures ranging from room temperature to 773 K. This unique feature would 
help to generate a microenvironment with higher station ry state concentration of 
active hydrogen-adspecies at the surface of the functioning catalyst. These effects 
favored increasing the rate of the HDA reaction of tetralin. 
 
II. Pd-decorated CNT-promoted Pd-Ga2O3 catalyst for hydrogenation 
of CO2 to methanol 
 
 A type of Pd-decorated CNT-promoted Pd-Ga catalysts wa  developed. The 
catalyst displayed excellent performance for CO2 hydrogenation to methanol. 
Over the Pd1Ga10-12.6%(3%Pd/CNTs) catalyst under the reaction conditions of 
5.0 MPa, 523 K, V(CO2)/V(H2)/ V(N2) = 23/69/8, GHSV = 18000 mLSTP•h
–1•g–1, 
the observed turnover frequency (TOF) of CO2 hydrogenation reached 
10.57×10–2 s–1. This value was 1.39 and 1.09 times that (7.60×10–2 and 0.0967 s–1) 
of the non-promoted Pd-Ga host (Pd1Ga10) and the simple CNTs promoted 
counterpart (Pd1Ga10-12.6%CNTs).  
 
 TEM image of the 3%Pd/CNT demonstrated that Pd nanop rticles were fairly 
uniform in shape and size, and were distributed on the CNT surface, with the 
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Pd1Ga10-12.6%(3%Pd/CNTs) catalyst were evenly dispersed and deposited on the 
surface of the 3%Pd/CNTs, with the surface element composition of C/O/Ga/Pd = 
30.52/31.63/32.80/5.05 (mol/mol), as evidenced by the EDX analysis.   
 
 The XRD post-analysis revealed that, in the three tested catalysts, the dominant 
amounts of their Pd components were all in the form f PdGa-alloys, and minor in 
PdO, while the presence of Pdx
0 was not excluded. Compared to those of the 
CNT-free host, the Ga2O3 components were highly dispersed in the CNT(or 
3%Pd/CNTs)-doped systems, with the diameters of Ga2O3-particles estimated to 
be less than ~3 nm.   
 
 The XPS observations showed that, at the surface of the three tested catalysts, 
there co-existed the three kinds of surface Pd-species: Pd0(PdGa-alloys), Pd2+(PdO) 
and Pd4+(PdO2), and the sequence of molar percentage of the surface Pd
0-species 
of the three tested catalysts was: Pd1Ga10-12.6%(3%Pd/CNTs) > 
Pd1Ga10-12.6%CNTs > Pd1Ga10. This sequence was in line with the observed 
sequence of reaction activity of CO2 hydrogenation to methanol over these 
catalysts. This result, combined with our results of the catalyst evaluation and 
XRD characterizations, strongly supported the view that there existed some 
correlation between the surface Pd0-species in the form of PdGa-alloys and the 
formation of methanol from CO2 hydrogenation. The high concentration of the 
surface Pd0-species in the form of PdGa-alloys was conducive to selective 
formation of methanol.  
 
 The H2-TPD tests showed that the addition of an appropriate amount of CNTs (or 
Pd/CNTs) into the Pd1Ga10 host catalyst was conceived to improving the capability 
for adsorbing H2. the observed relative area-intensities (I) of the H2-TPD profiles 
of the three catalysts in the temperature region of 473~773 K were estimated was: 
IPd1Ga10-12.6%(3%Pd/CNT) / IPd1Ga10-12.6%CNT / IPd1Ga10 = 100 / 90 / 85, implying that the 
sequence of increasing concentration of H-adspecies at the surface of functioning 
catalysts was: Pd1Ga10-12.6%(3%Pd/CNTs) > Pd1Ga10-12.6%CNTs > Pd1Ga10, in 
line with the observed sequence of reaction activity over these catalysts for the CO2 
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 The results of the experimental investigations in the present work demonstrated 
that the addition of a minor amount of the Pd-decorated CNTs into the Pd1Ga10 
host catalyst caused little change in the apparent activation energy for the CO2 
hydrogenation to methanol, but led to an increase of m lar percentage of the 
catalytically active species, Pd0 (most in form of PdGa-alloys), which are closely 
associated with the methanol formation from CO2 hydrogenation, at the surface 
of the functioning catalyst. In addition, an excellent adsorption and activation 
performance of the Pd-decorated CNTs as promoter for H2 would be conducive to 
generating a surface micro-environment with a high concentration of H-adspecies 
on the functioning catalyst. Those active H-adspecies ould be readily transferred 
to PdiGaj active sites via CNT-promoted hydrogen spillover and thus increase the 
rate of a series of surface hydrogenation reactions in the CO2 hydrogenation. All 
these factors contribute to an increase in the yield of methanol. 
 
III.  Conclusions  
 
 CNTs or Pd-decorated CNTs could act as a novel support and/or promoter of the 
catalysts for aromatics HDA or CO2 hydrogenation to methanol. The 
CNT-supported Pt catalyst and Pd-decorated CNT-promoted Pd-Ga2O3 catalyst 
have shown encouraging results for tetralin HDA and CO2 hydrogenation to 
methanol, respectively, in terms of activity and selectivity, compared to the 
corresponding γ-alumina(or AC)-supported Pt or CNT-free co-precipitated 
Pd-Ga2O3 systems.  
 
 The participation of the CNTs(or Pd-decorated CNTs) in the two types of 
catalysis systems in the present work did not cause  marked change in the Ea of 
the corresponding reaction processes. The promoter action by the CNTs(or 
Pd-decorated CNTs) was mainly in increasing the concentration of catalytically 
active surface-species (Pt0, Pd0 in form of PdGa-alloys) via affecting the chemical 
states of the catalysts and in improving the capability of the catalysts to adsorb 
and activate H2 (one of the reactants).  
 
 Compared to the CNTs(p-type), the surface of the CNTs(h-type) possesses more 
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marked promoter effect. Appropriate decoration of the CNTs by metal Pd could 
significantly improve the CNT’s performance to adsorb and activate H2, and thus, 
their promoter action was more remarkable. The addition of AC into the Pd1Ga10 
host did not help improve the performance of the catalyst; the AC’s presence 
simply dilutes the active components of the catalys.   
 
IV.  Research Highlights 
 
 Two types of catalysts, CNT-supported Pt and Pd-decorated CNT-promoted 
Pd-Ga2O3, were developed in the present work. Both catalysts displayed excellent 
performance for hydrogenation-dearomatization of tetralin and for hydrogenation 
of CO2 to methanol, respectively.  
 
 The characterization studies of the catalysts reveal d that the action by the CNTs 
(or Pd-decorated CNTs) as supporter and/or promoter was mainly in increasing 
the molar percentage of catalytically active Pt0(or Pd0)-species in the total Pt(or 
Pd)-amount at surface of the functioning catalysts, and in improving the 
capability of the catalysts to adsorb and activate H2 (one of the reactants).  
 
Keywords: Multi-walled carbon nanotubes; Pd-decorated CNTs; Pd-decorated 
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